Background: Coupling of cluster and deformed structures are important for dynamics of nuclear structure. Threshold energy has been discussed to explain cluster structures coupling to deformed states but relation between threshold energy and excitation energy has open problems. Negativeparity superdeformed (SD) states were observed by a γ-spectroscopy experiment in 35 Cl but its detailed structure is unclear.
I. INTRODUCTION
Nuclear structure changes drastically by excitation. A goal of nuclear physics is to understand mechanism of structure changes. Clustering and deformation play important roles for nuclear structure. For examples, α-clustering explains coexistence of inversion doublet bands [1] and enhancement of α-transfer [2] [3] [4] [5] and -knockout reaction cross sections [6] [7] [8] [9] [10] .
Deformation explains strong E2 transition strengths and rotational spectra.
Cluster structures couple to deformed states in sd-and pf -shell region. In 40 Ca, normaldeformed (ND) and superdeformed (SD) bands have been observed up to high-spin states [11] .
α- 36 Ar clustering of the ND band was predicted by cluster model [12, 13] , and it was confirmed experimentally by α-transfer reaction [14] . Coupling of α- 36 Ar cluster structure to the ND states were discussed by using semi-microscopic [15] and full microscopic calculations [16] .
Coupling and mixing of cluster structures to deformed states are also discussed in 32, 34 S [17, 18] , 36 Ar [19] , 42 Ca [20, 21] and 44 Ti [13, [22] [23] [24] .
In order to understand cluster structure, the threshold rule has been proposed [25] . The threshold rule predicts that cluster structures are developed in excited states whose excitation energies are similar to threshold energies of cluster decay. It is powerful in very light nuclei such as 12 C and 16 O. The J π = 0 + 2 state in 12 C is considered to have dilute 3α structure [26] [27] [28] [29] , and its excitation energy (7.65 MeV) is similar to 3α threshold energy (7.27 MeV) . In 16 O, α-12 C cluster structure develops at the J π = 0 + 2 state (6.04 MeV) [1, [30] [31] [32] , which is close to α + 12 C threshold energy (7.16 MeV) . In sd-shell or heavier region, however, the threshold rule do not work quantitatively. The J π = 0 + 2 state in 40 Ca is considered to contain a large amount of α- 36 Ar cluster structure components, but its excitation energy (3.35 MeV) is much less than α + 36 Ar threshold energy (7.04 MeV).
Particle-hole excitations are also discussed for nuclear clustering. When nucleons are excited to higher shell and those nucleons correlate spatially and strongly, they are expected to form a cluster [33, 34] . However, relations of intercluster motion and particle-hole configurations are open problems.
The threshold rule is simple, and it has been widely discussed in clustering in deformed states. In 35 Cl, a negative-parity superdeformed band have been observed from J π = α-31 P cluster structure to the SD band is predicted. However, details of cluster coupling of the band are not discussed, and theoretical work of cluster structure are insufficient in 35 Cl.
Naive structure of deformed states are described by using the Nilsson model, which shows single-particle orbits on a deformed mean-field. By analyzing single-particle orbits on a deformed mean-field, multi-particle multi-hole configurations of largely deformed states are explained such as SD states in 40 Ca [11, 36, 37] , but it negletcs many-body correlation effects such as clustering. In order to investigate detailed structure including correlation effects, multi-particle correlation effects should be taken into account directly.
This paper aims to clarify α-31 P and t-32 S cluster correlations in 35 Cl. By using the antisymmetrized molecular dynamics (AMD) and the generator coordinate method (GCM), various structures including SD states are obtained. Cluster structures in the SD band and high-lying states are analyzed focusing on particle-hole configurations and threshold energies, and coupling of cluster structure to deformed states and mechanism to generate high-lying cluster states are investigated.
This paper is organized as follows. In Sec. II, the framework of this works is explained briefly. In Sec. III, numerical results about energies of deformed and cluster structure, level scheme, B(E2) values, and the amounts of α-31 P and t-32 S cluster structure components are shown. In Sec. IV, cluster structures coupling to deformed states and excitation energies of high-lying cluster states are discussed. Finally, conclusions are given in Sec. V.
II. FRAMEWORK
In this section, the framework of the study is explained briefly. The details of the framework are provided in Refs. 38-40.
A. Wave function
The wave functions are obtained by the GCM after parity and angular momentum projection using deformed-basis AMD wave functions. A deformed-basis AMD wave function |Φ is a Slater determinant of Gaussian wave packets that can deform triaxially such that
whereÂ denotes the antisymmetrization operator, and |ϕ i denotes a single-particle wave function. Further, |φ i , |χ i , and |τ i denote the spatial, spin, and isospin components, respectively, of each single-particle wave function |ϕ i . The real 3 × 3 matrix M denotes the width of the Gaussian single-particle wave functions that can deform triaxially and is common to all nucleons. Z i = (Z ix , Z iy , Z iz ) are complex parameters denoting the centroid of each single-particle wave function in phase space. The complex parameters χ denote spin direction. The isospin component of each single-particle wave function is fixed as a proton (π) or a neutron (ν). Axial symmetry is not assumed.
B. Energy variation
The intrinsic wave functions of the GCM basis are obtained by energy variation with a constraint potential V cnst after projection onto eigen states of parity (π = ±1),
whereĤ andP r denote Hamiltonian and parity operators, respectively. The variational parameters are M, Z i , and χ ↑,↓ i (i = 1, ..., A). The Gogny D1S force is used as an effective interaction. Variational calculations are performed by using the conjugate gradient method.
In order to obtain the various wave functions, constraint potentials V cnst with parabola form are added. In this work, two kinds of constraint potentials are used, which are for the matter quadrupole deformation parameter β of the total system (β-constraint) and intercluster distance. For intercluster distance, distance between α and 31 P (d α-31 P ) or between t and 32 S (d t-32 S ) is constrained.
By using the GCM, optimized wave functions are superposed after parity and angular momentum projection, (29, 25, 29) and (26, 25, 26) for positive-and negative-parity states, respectively. Here the body-fixed z-axis is determined by minimizing variance ofĴ z , which is z component of angular momentum [41] . The coefficients f i are determined by the Hill-Wheeler equation,
III. RESULTS and circles are for totally 0hω, 2hω, and 4hω excited configurations, respectively, from the lowest allowed state. For negative-parity states, squares, triangles, circles, and crosses are for totally 1hω, 3hω, 5hω, and 7hω excited configurations, respectively, from the lowest allowed state.
respectively. The 1hω, 3hω, 5hω, and 7hω excited states have local minima at β ≃ 0.2, 0.4, 0.6, and 0.7, respectively. and (b), long axes of 31 P are direction of vertical and horizontal axes, respectively, and α clusters locate on the left side of the 31 P clusters. It shows that the α clusters locate on the short and long axes of 31 P clusters for S-and L-types, respectively. In short distance region, energies of same type configurations are similar for α-31 P and t-32 S cluster structures as shown in Fig. 2 . In positive-parity states, energies of S-and L-type structures with short intercluster distance are around −293 and −283 MeV, respectively, which are similar to energies of minimum energies of 0hω and 4hω excited configurations, respectively, on the β-energy surface [ Fig. 1(a) ]. In negative-parity states, energies of S-and L-type structure with short intercluster distance are around −288 and −284 MeV, respectively, for both of α-31 P and t-32 S cluster structures, which are similar to those of minimum energies of 1hω and 3hω excited configurations, respectively, on the β-energy surface [ Fig. 1(b) ]. In large distance region, energies S-and L-type wave functions of same cluster structures are similar, for both parities. Energies of α-31 P and t-32 S are −269 and −263 MeV, respectively, around
Coulomb barrier, in which energies of α-31 P cluster structures are lower than those of t-32 S cluster structure. It reflects that threshold energy of α + 31 P is lower than that of t + 32 S.
When intercluster distance is long, excitation energy of cluster structure is determined by threshold energy and Coulomb energy between clusters. Figure 4 shows relative deformed harmonic oscillator quanta ∆N τ of α-31 P and t-32 S cluster structures as functions of intercluster distance, which are defined as various intercluster distance, intercluster motion is taken into account. In cluster structures with short intercluster distance, particle-hole configurations are determined by deformation of clusters and antisymmetrization effects. For example, in the case of a negative-parity L-type t-32 S cluster structure, a 32 S cluster is deformed and a long axis of the 32 S is fully occupied up to the sd-shell. When a t cluster approaches to the 32 S cluster on the long axis, three nucleons of the t cluster cannot go into the sd-shell due to antisymmetrization effects and are left to the pf -shell. It has a 3hω excited configuration. In the case of a negativeparity L-type α-31 P cluster structure, structure of 31 P is almost the same as 32 S but 31 P cluster has one proton hole on the direction of long axis. When an α cluster approach to the 31 P cluster on the long axis, one proton in the α cluster can go into the proton hole of the sd-shell and other three nucleons in the t cluster are left to the pf -shell. It has also a 3hω excited configuration. also obtained. In high-lying states, almost pure α-31 P and t-32 S cluster states are obtained, which are labeled "α" and "t", respectively, following.
In order to analyze trend of excitation energies of the
− , hn-L, "α", and "t" bands, excitation energies of those states are fitted to following function as shown in Fig. 7 ;
where E and J denote excitation energy and spin, respectively, and J and E 0 are fitting parameters to denote moment of inertia and energy for structure changes, respectively.
Excitation energies of the "t" band are approximately 10 MeV higher than those of the "α"
band. Figure 8 shows α-31 P and t-32 S cluster structure components of
− , hn-L, "α", and "t" bands. For
− band, the L-type α-31 P and t-32 S cluster exp. SD+ exp. SD− in the "α" and "t" bands, respectively. The "α" and "t" states contain large amount of α-31 P and t-32 S cluster structure components, respectively, with large intercluster distance region.
The "α" and "t" bands contain both L-and S-type components, and α-31 P and t-32 S cluster structure components are decoupled. Deformed structure components are rarely contained in the hn-L, "α" and "t" states. which are assigned to a negative-parity SD band [35] , correspond to members of the theo- which is consistent with a shell-model calculation [35] .
In coupling of cluster structure components for relatively low energy states, particle-hole configuration of cluster wave functions with short intercluster distance are important rather than threshold energies. Members of the
− band contain similar amounts of Ltype α-31 P and t-32 S cluster structure components with short intercluster distance region as shown in Fig. 8(a) . Cluster and deformed structure components dominate in the K π = Compared to L-type α-31 P and t-32 S cluster structure components contained in the K π = For cluster structures in high-lying states, threshold energies reflect to excitation energies t-32 S cluster states are obtained, which are labeled "α" and "t" in Fig. 7 , respectively. shows excitation of intercluster motion of cluster structure components in the hn-L states.
In long intercluster distance region, interaction between clusters become weaker. Therefore, threshold energies strongly affect excitation energies, and coupling between clusters become weaker. Coupling between clusters in "α" and "t" states are weaker than that of K π = 1 2 − bands and hn-L states. Mixing of L-and S-type cluster structure components in "α" and "t" states describes rotation of larger clusters due to weak correlation between clusters.
V. CONCLUSIONS α-31 P and t-32 S clustering in 35 Cl has been investigated by using the AMD and GCM.
The experimental negative-parity SD band is reproduced, and the SD band has 3hω excited configurations. The negative-parity SD band contains L-type α-31 P and t-32 S cluster structure components with short intercluster distance although threshold energies of α + 31 P and t+ 32 S are much different. The mixing of L-type α-31 P and t-32 S cluster structure components in the negative-parity SD band are caused by coincidence of particle-hole configurations of cluster structure components with short intercluster distance and dominant 3hω excited deformed structures. In high-lying states, almost pure t-32 S and α-31 P states are obtained in negative-parity states. Threshold energies reflect to excitation energies of those almost pure cluster states. By excitation of intercluster motion, cluster structure components with long intercluster distance are dominated in high-lying cluster states, in which threshold energies reflect to total energies. In coupling of cluster structure components, particle-hole configurations in short intercluster distance region and threshold energies are important for lowand high-lying states, respectively.
